A simplified design of an inline transition between microstrip and rectangular waveguide is presented in this paper. The transition makes use of a dielectric filled rectangular waveguide (DFRW) as an intermediate step, which simplifies manufacturing and allows for an analytical design. The behavior of the transition has been experimentally validated in the W-band by means of a back-to-back configuration. Good performance has been achieved: a return loss greaterthan 10 dB and mean insertion loss lower than 1 dB.
Introduction
Over the last few years, an increasing number of applications at the millimeter and sub-millimeter ranges in different fields such as imaging [1] , communications [2] , radar [3] , and automotive radar [4] has motivated research on the development of components and systems in this range. These have been facilitated by the availability of commercial monolithic microwave integrated circuits (MMICs) and the existence of low loss dielectric substrates. Among the components in development, those in planar technology [5, 6] are becoming increasingly relevant. However, in these frequency ranges, the use of waveguide-based components and packages is still predominant. Therefore, transitions between planar transmission lines and waveguides have become essential for packaging and integration of these circuits with waveguide components, e.g. horn antennas. In addition, given the lack of connectors at submillimeter and terahertz frequencies, most test equipment is waveguide-based, which also makes these transitions required for component characterization. Since microstrip lines are widely used, this work concentrates on the design of a simple inline transition between this transition line and a rectangular waveguide that allows analytical design.
Different types for microstrip-to-waveguide transitions can be found in the literature. Among them, the E-plane probe is the most common. This transition is based on a microstrip line introduced through an aperture in the E-Plane of a rectangular waveguide that couples the quasi-TEM mode of the microstrip line to the TE 10 mode of the waveguide [7] [8] [9] [10] . Some of these transitions have been presented operating in the full W-Band [8, 10] , and feature insertion loss as low as 0.4 dB, typically around 1 dB. However, in order to avoid higher order mode excitation, they require a very narrow channel to introduce the microstrip probe. This problem can be alleviated by using Perfect Magnetic Conductor (PMC) lids [10] , allowing for wide microstrip substrates, although at the expense of increased manufacturing complexity. Moreover, in E-plane probe transitions, the input port is usually perpendicular to the output port. This fact can make characterization of devices or antennas a cumbersome task, since additional bent sections must be added. Furthermore, the behavior of the transition is very sensitive to the position of the microstrip substrate with respect to the waveguide, in such a way that small errors during the fabrication process may produce large disagreements between simulation and experimental results. This problem repeats in other transitions based on radiating elements such as quasi-Yagi antennas [11] and slotline antennas [12] .
On the other hand, the quasi-TEM microstrip mode can be easily coupled to the TE 10 rectangular waveguide mode by means of an inline configuration in which the field propagation direction in the waveguide is the same as in the microstrip line [13] [14] [15] [16] [17] [18] [19] . In the W-band, this concept was used in [19] , where partially filled with dielectric waveguide matching sections were used. These sections were based on the gradual reduction of the dielectric material inside the waveguide. Therefore, they must be numerically optimized and, in addition, complicate manufacturing and assembly. A similar approach was followed in [20] , where the band was extended at the expense of an increase of the number of sections. This length can be reduced by using a cavity excited by a microstrip probe [21] , but the design requires full-wave optimization.
In this paper, an alternative design for the inline microstrip-to-waveguide transition is presented. The gradual transition between the dielectric filled waveguide and the air-filled section used in [19] is substituted by homogeneous waveguide sections. As a consequence, the proposed transition does not use any soldering and it does not require a ridge waveguide section or a gradual taper of the dielectric material, which can be difficult to manufacture for W-Band frequencies and above. It is, therefore, simpler than other inline transitions and easier to manufacture, which makes it appropriate for sub-millimeter and Terahertz frequencies.
In addition, the proposed configuration allows a simplified design based on standard impedance transformers. In this case, the transition will be designed by means of a Chebyshev adapter [22] . In addition, for the microstrip section, the authors first proposed a linear transition [23] , which in this case is compared with a microstrip Chebyshev transformer. In both cases, an analytic calculation of the whole transition is proposed, which avoids full-wave optimization. Besides this comparison, the theoretical results in [23] are completed in this paper with the experimental verification of the concept.
The paper is organized as follows. The design procedure is presented in Section 2 and applied in Section 3 to the design of a W-band transition. Manufacturing of the transition is described in Section 4 and the experimental results are shown in Section 5. Finally, conclusions are drawn in Section 6.
Configuration and Design Procedure
The proposed transition first couples the quasi-TEM mode of the microstrip line to the TE 10 mode of a dielectric filled rectangular waveguide (DFRW). Afterwards, the transition from DFRW to standard rectangular waveguide is done by means of a multisection Chebyshev transformer. As a difference to previous designs, in this case, homogeneous waveguide sections will be used. This allows the design method to be completely analytic and make use of the Chebyshev transformer design procedure [22] .
For the microstrip to DFRW section, two alternatives are proposed: a Chebyshev transformer ( Figure 1a ) and a linear taper transition (Figure 1b) . In both cases, the design of the two transition sections can be made analytically.
For the Chebyshev sections, the maximum value of the reflection coefficient can be calculated as
where N is the order of the Chebyshev transformer, T N is the Chebyshev polynomial of Nth order, Z L is the load impedance (standard waveguide), and Z DFRW is the input impedance (dielectric filled rectangular waveguide). This impedance and the impedance of the rectangular waveguide sections are computed by the equivalent electric waveguide impedance [24] :
where η = µ 0 0 is the free-space wave-impedance, r is the relative permittivity of the waveguide filling medium, a is the waveguide width, and b is the height of the waveguide sections.
The parameter θ M is given by
where ∆ f is the bandwidth of the transition, and f is the central frequency.
Once this value is determined, the impedance of the different sections can be obtained by the standard formulation. The Chebyshev transformer is a gradual method that matches a low impedance to a high impedance or vice versa. In this case, the DFRW impedance is an intermediate impedance lower than both the input microstrip line and the standard waveguide impedance. For instance, for the standard WR10 waveguide a = 2.54 mm and b = 1.27 mm, leading to Z L = 376.7 Ω, whereas for the dielectric filled rectangular waveguide b corresponds to the substrate thickness. If a 0.1-mm-thick Rogers Cuclad ( r = 2.4) is considered, Z DFRW = 19 Ω. Therefore, the procedure for the calculation of the inline microstrip-to-rectangular-transition must be a two-step process. The first one is the design of the transition from DFRW to rectangular waveguide, presented in Figure 2 . The second one involves the transition from microstrip to DFRW, shown in Figure 3a ,b. The details of the design of both sections are given in the following sections. 
Transition from Dielectric Filled Rectangular Waveguide to Standard Waveguide
A multisection waveguide Chebyshev transformer is used to match the DFRW with the rectangular waveguide, see Figure 2 . Once the DFRW and the standard rectangular waveguide impedances, Z DFRW and Z L , have been obtained, we apply the Chebyshev transformer method to calculate the impedances of the matching sections.
With these impedance values, the height of each rectangular waveguide section is determined by
where Z wg n is the impedance of each waveguide section computed previously with the Chebyshev method. Note that the first section corresponds to a dielectric filled waveguide, whereas the rest of them are air-filled waveguide sections. A more accurate transition could be designed taking into account the reactance effect due to the change of the waveguide height [25] . This effect should make the transformer sections shorter, however, if the change of height is small the effect may be negligible. In this design it has not been taken into account for simplicity since the difference is smaller than the tolerances of the manufacturing method. The three sections of the transition have a length l g equal to λ g /4 (at the central frequency).
It is noteworthy that the design is fully analytic and there is no need to optimize the transition parameters, which is a great advantage from the point of view of the computational time.
Transition from Microstrip to Dielectric Filled Rectangular Waveguide
The microstrip to DFRW transition can be carried out with two different approaches. The first one uses also a multisection Chebyshev impedance transformer. The second approach consists of a linear taper that matches the impedance of the microstrip line with the impedance of the DFRW.
Multisection Microstrip Chebyshev Impedance Transformer
The microstrip line is built on a substrate with thickness (b 1 ) which corresponds to the height of DFRW. Taking this into account, Equation (2) is used to calculate the impedance of the DFRW, and Chebyshev transformer standard equations [22] are employed to determine the impedances of the transformer between 50 Ω and this impedance. The width of the microstrip line sections are given by the well known formulae of the microstrip impedance [26] . The length of each section is λ e f f /4 where λ e f f is the wavelength at the central frequency in each microstrip line section.
Tapered Microstrip
An alternative way of matching the 50 Ω impedance with the impedance of the DFRW can be seen in Figure 3b . This transition consists of a linear microstrip taper of length L t = 3λ e f f /4 (where λ e f f is the guided wavelength of the microstrip line), which is enough to ensure good matching [27] . The width W t is calculated so that the characteristic impedance of the equivalent microstrip line is equal to the impedance of the DFRW.
Design and Simulation Results
The procedure above has been applied to the design of a microstrip to a W-band rectangular waveguide inline transition. The microstrip line is printed on a 0.10-mm-thick Rogers Cuclad ( r = 2.4 and tan δ = 0.009 ). Losses in the copper line are also included in the simulations. The height of the dielectric filled rectangular waveguide (DFRW) (b 1 ) is the thickness of the substrate, i.e., 0.1 mm, and the width (a) is the width of the standard WR-10 waveguide, i.e., 2.54 mm.
The dimensions of the DFRW to WR-10 Chebyshev transformer were calculated with the previous procedure. To cover the full W-band ∆ f = 35 GHz (which leads to θ M = 1.2736) is required. The maximum reflection coefficient is set to −15 dB, i.e., A = 0.032. Three sections are required to comply with this requirement. Table 1 shows the dimensions of the required waveguide sections for the Chebyshev transformer. The labels are defined in Figure 2 .
For the microstrip to DFRW section, both versions, i.e., the Chebyshev transition and linear taper, were designed. The Chebyshev transformer-based transition (see Figure 3a) consists of three sections, whose impedances were calculated with the same procedure above. Their dimensions are compiled in Table 2 . For the linear taper (Figure 3b ), the length (L t ) was set to 3 λ e f f /4. The other dimensions are gathered in Table 3 . For both configurations, full wave simulations have been carried out with Ansys HFSS from Ansys Electromagnetic Suite 17.1. The performance of the microstrip to DFRW transitions (both taper and Chebyshev line) and of the DFRW to rectangular waveguide Chebyshev transformer have been evaluated separately. The simulation results are shown in Figure 4 . Return loss results are shown in Figure 4a , where we can appreciate that the linear taper microstrip line performs better than the Chebyshev transformer microstrip transition, both in return loss and insertion loss. For the DFRW to waveguide transition, the maximum return loss is in good agreement with the objective performance, a return loss higher than 15 dB. This result justifies that the previously mentioned additional reactance created in the waveguide steps does not affect the transition performance. In Figure 4b , the S 21 parameter is presented. For all cases, the insertion losses are below 0.5 dB. For the microstrip to DFRW section both versions, i.e. Chebyshev transition and linear taper, were 131 designed. The Chebyshev transformer based transition (see Fig. 3a) consists of three sections, whose 132 impedances were calculated with the same procedure above. Their dimensions are compiled in Table 2 .
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For the linear taper (Fig. 3b ) the length (L t ) was set to 3 λ e f f /4. The other dimensions are gathered in 134 The predicted responses of the whole transitions are presented in Figure 5 , where a comparison of the return loss between the linear taper and Chebyshev transitions is presented. It can be observed that the reflection (S 11 ) is below -15 dB in both cases. On the other hand, Figure 5b shows the insertion loss. For both cases, the insertion losses are lower than 1 dB in the full W-band. Nevertheless, the Chebyshev case has larger insertion losses than those of the tapered transition. These losses are ascribed to the radiation in the steps between the different impedance sections of the Chebyshev transformer. Note that the transitions include a 2.59 mm microstrip line. The contribution of this line to the insertion losses above has been estimated as 0.33 dB. If these losses are removed, the insertion loss of each transition can be estimated to be better than 0.5 dB and 0.8 dB for the linear and Chebyshev cases, respectively. 
Manufacturing
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Since the experimental validation will be carried out with a waveguide-based vector network 159 analyser, a back-to-back transition is needed. The two transitions will be connected by a 5.18 mm long 160 microstrip line.
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The manufactured process has to be separated in two parts: the milling process for the waveguide 162 sections and the photolithographic process for the microstrip. Fig. 6a shows the micromachined 
Manufacturing
Since the experimental validation will be carried out with a waveguide-based vector network analyzer, a back-to-back transition is needed. The two transitions will be connected by a 5.18 mm long microstrip line.
The manufactured process has to be separated in two parts: the milling process for the waveguide sections and the photolithographic process for the microstrip. Figure 6a shows the micromachined back-to-back waveguide blocks for the transition. They are made of aluminum by a high precision milling machine. To simplify assembly the waveguide block has been split in the H-plane, and both parts are screwed together. To reduce losses in the H-plane cut, this contact must be very tight, which is guaranteed by eight screws and four dowel pins. The block has been designed and manufactured with the appropriate WR-10 flange. The whole waveguide block is 34.2 mm long and 19.05 mm wide. The fabricated dimensions, shown in Table 1 , are slightly different from the original design. The largest deviation correspond to the height of Section 3, where the error is 8%. Note also that 0.150 mm radius rounded corners were created by the manufacturing method. The microstrip section was manufactured at the Public University of Navarra facilities following a standard photolithography procedure. The lines were created by sputtering the Cuclad substrate with 2 microns of Cu. Finally, the substrate was cut with the required shape with a milling machine. Due to the better performance of the linear taper microstrip transition shown in simulation, only this one was fabricated and measured. The final circuit is shown in Figure 6b . 
Experimental validation
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The set-up for measurements is shown in Fig. 7 . An Agilent PNA-X E3861 Microwave Network
178
Analyzer with two VDI W-Band VNA Extenders was used. The equipment has been calibrated using 179 the standard W-Band TRL (Through-Reflect-Line) calibration kit for VDI extenders. The manufactured 180 back to back transition was connected in between the extender waveguide ports and S parameter 181 measurements were carried out.
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The measured reflection coefficient, presented in Fig. 8 , shows a degradation of the performance 183 with respect to the design, Fig. 5 . First, the working band has been shifted towards higher frequencies.
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For this reason, the return loss between 75 and 80 GHz becomes lower than 10 dB. In addition, the This degradation is ascribed to the manufacturing errors. These errors can be noticed in Table 1 .
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Experimental Validation
The set-up for measurements is shown in Figure 7 . An Agilent PNA-X E3861 Microwave Network Analyzer with two VDI W-Band VNA Extenders was used. The equipment has been calibrated using the standard W-Band TRL (Through-Reflect-Line) calibration kit for VDI extenders. The manufactured back-to-back transition was connected in between the extender waveguide ports, and S parameter measurements were carried out. The measured reflection coefficient, presented in Figure 8 , shows a degradation of the performance with respect to the design, Figure 5 . First, the working band has been shifted towards higher frequencies. For this reason, the return loss between 75 and 80 GHz becomes lower than 10 dB. In addition, the return loss increases to nearly 12 dB in the central frequency. However, taking into account the whole band, they are higher than 8 dB. The insertion losses also increase, and the measured values are between 0.4 and 0.7 dB higher than the predictions. The obtained average value is 1.9 dB.
This degradation is ascribed to the manufacturing errors. These errors can be noticed in Table 1 . They are particularly large in section 3, with more than 20 µm difference in both length and height. The real dimensions have been simulated in order to perform a fair comparison with the measurements. This comparison is shown in Figure 8 . There is good agreement between them, especially from 75 GHz to the central frequency, 92.5 GHz. The higher return loss was adequately predicted. The transmission coefficient is displayed in Figure 8b . The mean value of the simulated and measured insertion losses is 1.5 dB and 1.9 dB, respectively. These losses include those in the transitions and in the 5.18 mm microstrip line. Taking into account the value of tan δ = 0.009 and the conductivity of copper, this microstrip line has a 0.65 dB insertion loss. If these losses are removed, the average insertion loss of each transition can be assumed to be 0.63 dB. 
Conclusion
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Conclusions
A simple inline microstrip-to-rectangular-waveguide transition, which allows for analytical design, has been presented in this paper. In addition, the configuration used in this work is simpler and easier to manufacture than other similar inline transitions. To validate the concept, a W-band transition has been designed. The simulation results show good performance for the whole W-Band: return losses are greater than 15 dB, and insertion losses are below 1 dB. The experimental validation, using a back-to-back transition, presents a slight degradation in performance, an 8 dB return loss and a 0.63 dB insertion loss, in good agreement with the predicted performance of the manufactured prototype. 
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